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Fach, Nordby, & Stockman, 19893, andflicker threstold
(Alexarder& Fishman, 984; Coletta & Adams, 1984
Goldberg, Frumkes& N ygaard, 1983 MaclLeod 1972).
Quatrtitative sudies of rodtone interacons haveusually
been direted towad measirement ofrod-cone tirestold
summation Benimoff, Schneidr, & Hood, 1982 Buck &
Knight, 1994 Drum, 1982 Ikeda& Urakubo, 1969
Kremes & Meiekord, 1999 Naarendorp, Rice Sieving,
1996 van den Berg & Spekejse,1977). Most of these
studies usedytsed imuli and nany did not congiler
possiblalifferences in the temporacurse of ra andcone
responses. Anthe issue ishat many studies have dse
spectrally satéve stimuli tdfavor rods @ cones. The
choiceof chromaticities iy biasdetecton to one or he
other postreceptoral pathys. For exrple, long
wavelendit test lightsare fequently used as stimuli
favoring cong Detection oémall, brieflypresented long
wavelendit stimuli may be ascrilteto PC pathwayHood
& Finkelstein,1983. Converselydetection of a brief
aclromatic pulse may be @ibuted to the MC pathvay
(Pokony & Smith,1997). The degree of rod-cone
interaction may vay depending on whieér rod and ©ne
signalsare conveyed in a slagpathway or in parallel
postreceptoral pathways te ttentral nervous systefew
psychophysical studies hagen directed to the question
of rod input to postreceptoral pathwa&frura &
Lennie,1986 Lennie & Farchild, 1999.

Our god wago examine pghophysidby how ral ard
cone signals combine for stimsiliconditions for which we
can infer he postreceprtal pahway that medates cone
threstold ard, further, how rod sgnals right be fed i
the postreceptoral pathwaye investigted rod-cone
interactbns wth a 4 primary coloimetric system that
alowd independent stimdation of dl 4 types of
photoreceptors, short (S¥iddle (M), and long (L)-
wavelendi-sasitive ones andie rods $un, Pokorny, &
Smith,20013. With thisdevice, we could also bias
detectdn to one or the otler postreceptoral pathways.
Cone-isolatig stimuli provde input to oth theluminance
and clromatic postreceptal pahways. Pevious stidies
(Kely & van Norren, 1977 Smith, Pokorny, Davig, Yeh,
1995 inferred that L- anl M-cone mdulation threstolds
were medgited by the chromaticathway at lowetenporal
frequencies and by the limance pathay at higher
temporal frequencies. We used 2 Hz BbdHz temporal
modulation to bias cone deten to the presumed PC or
MC pathway.
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Apparatus

The 8channé cdorimete, descibed fuly by Sun et al
(20013, presented a°&iraular cente ard a 16° annubr
surround.The center and the sound exch consstedof 4
primary lights,459 nm,516nm, 561 nm,and 664 nmwith
half-heigh bandwidths of & 10 nm. Tke obserwevieved
the stimulusiteldthrougha 2-mm artitial pupl. A
fixation poirt allowel the fieldto be viewd at 10° in the
temporal rema.

Stimuli

In a prelimnary set of measuremenis established
that eactobsrver's receptoral sensitivities at the
wavelendsis of the colorimier primariescould be
chaecterizedaslinea transfoms of the 1964 CIEQE
standrd observedaa, ater carecing for preeceptod
filtering diffaences between the individuatiahe
standrd observer$un et &, 2001h. Following
prereceptoral filténg correction, the rod specéd
sensitivity washaractezed by the CIE scotopic lumosity
function V'(L), and the LM and S conespectrh
sensitiviies ty the Smith-Bkorny transbrmation (Smith &
Pokony, 1975 gpliedto the 196410°colormatching
functions Shapiro, Pokony, & Smith, 19964a. In a
previais staly of temporamodulaton snsitivity Sun,
Pokony, & Smith, 2001h, we establied that therod-
and one-istating stinuli appeard uniform in the 6°
center ad gave temporabotrast sensitivity functions
charaterigic of the rod, S cone, or L (M) cone.

A rod madulation, a conemodulatbn, or a mixture of
the 2 modulations was peggal in the centerBoth the
rod and conemodulationswere sinusdal tempmral
modulatbns.The cone mdulation @uld be one of th
following L cone, M conduminance (L+M), or
equluminant chromatic (L-M) mdulation. The
modulation frequency was ett2 Hz orl0 Hz. The time-
averae illuminance of the centawva 1 photopic td0.483
scotopc td) or 10 photopictd (4.83 scatpic ©). The time-
average cbhmatidty of the center wametameric tahe
equa enegy spectim forthe 1964CIE 10° stadard
observe The suriound waseitherdark (dark suround) or
fixed at the tine-aveage liuminanceand chronsticity of
the center (agjluminant surrourl).

Observers

Three observs, H.S. (athor), S.G.and S.S.,
participatedin the experiments. S.@nd S.S. weredive
observes. All obsenrs were normal trichroats as
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assessed with the Ishihasayzlasodiromatic dates and
the Neitz OT anomdoscope. The Faswoth-Munsell100-
hue eror scoes for H.§ SG., and S.Swere 410, and D,
respectiig. H.S.and S.Gwere myopic (& -50), and
wore nontinted contadensduring experimentS.S. as
emmetropic. Observet.S. paticipatedin bath
experimentsObserver S.G. picipatedin expemment1
and S.Spaticipated in experiment 2

Procedure

Following ® minutes ofdark-adaptation prior to
testing, he observeadaped to the timeaveage cente
illuminance andchromaticityfor 3 minutes. The method
of adpstmentwas useddtetimate the tmesholdsThe
mean threlsoldsand sandard devations were basewh 10
trials fom 2 sessions (fobserver$l.S.and S.§ or 5
sessions (fabserver &.).

First the threshobs fa rod moduation and the
specific type of cone modutatiwere masued sepately.
Then the thieshobs fa mixed ral ard cone modilations
were measudewvith the rod anl cone nedulations varied
in tandem For experimerit, the contras of the 2
modulatbnswere mairdined ata consdnt ratio of 1:1 in
threstold units, aml the phase offset wastied. Far
experiment 2, the contrasithe 2 modulatins were
vaiedfrom 2:1,1:1,or 1:2in thresholdunits, and the
phase offsetas fixed. Foboth experimets, the phase

offset was expressed as the phase of the cone stimulus

relative to he rod $mulus

The phase padigm was peviaisly desebed by
LindseyPokony & Smith (1986)andSwanson, Pokorny
& Smith (198721988. In the current implementation of
the phase paradigm, thed ard cone tenporal
modulatonswere ahays equatkin threshold unis.
Threstlolds fa the mixel rod and conemodulationswere
measted a 12 different od-cone phse offset&igurelA).
Phase offsetas randomize from trial to trial. If the rod
and cone systems were indefant, tiresholds for th
mixed od and cone mdulations wold not vay withthe
relative phasebetween the 2 modulans. If the rodand
cone systems follodveompete linear simmation within
one pathwy, threstolds fa mixed ral and cone
modulatonswould \ary with relaive prases between the
rod and conemodulations.The threshad woud be
minima when the rad ard cone respores were in phase,
and meximd when the rd and ©ne responses weret @i
phase. The phase offsets that cooredgd to the miimal
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and meximd threstolds mght reval the time dedy
between the rodnd congesponses.

Template fit

The dab werefit with 2 templatesa linear-smmation
templde anda prolaklity-simmation tenplate Figure 1A
shows modedredictions ér linear sumnation ard
probabiity summation of the rad ard cane moduations.
Linear sumration woud be expected iftte rad ard cane
signals shadea common pstreceptoral pathey.
Prokabiity summation woud be expectkif the rod and
cone signals traveladseparte pathwagto the deision
site.

(1) Linear-summation template

A sinusadally moddatedrod simulus & threstold
contrast can be written as

Crod—[hreshold * Sin(znft+e‘[od)

wheref is thetemporal nedulation fequency®,, is
the phase ohie rad madulation, and C,,i s 1S threshal
contrast of the rod nodulation. The respnse to theod
stimulusA,,, at the locus ithe visual system where thd
and cane sgnds caonbine ca be written as

A= de»th-:exhold * sin(ZTEf t+9md+®m) / Cmd»thve.shold (1)

where®,,, is the physiological phase of the rod respon

Similarly,a sinusoidally nmiulated ®ne stimdusat
threstold cortrag can be wtten as

Cconc«thn’shold * Sin(znft+econe)

wheref,,,. is the phase of the cone modulatiand C.,,...
meshoid 1S thresbold contag of the cone mdulation. The
response to the cone stimulyg, at thelocus in the vsual
system where the roddanone signals combine can be
written as

Aconc = Ccone«thr@shcld * Sln(Zﬂif t+econe+chone) / Cconc«thn’shold (2)

whered,,,. isthe physiological phase of the cone response.

In the experiment, the phase of the roddulation
was fixedt 0°, and the phase of the canedulationd,,,
can be repladeby the physical phase effbetween rod
and one stimuli 6,,,.,,.-
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If the rad ard cone signalsavel in the ame pathway
andare summed lineatly, the responsa, ... to the mixed
rod ard conemodulationscan be wtten as

Amd+cune = sin(Z tht+q)1ml) + Sin(z tht+ewd»c<me+q)cone) (3)

and the thresold ratio of mixed 1od and cone mdulation
to rod nodulation alone igleternined by the rato ofthe
response antipudes

Coatreone / Croa = max{sin(Zfe+®,,0)} / max{sin(2referD,,y) +
Sin[(znft+q)7<>d) + (evud~cunu+q)can@’q)wd)]}

for 0°<2mtft+®,,<360° (4)

where0, ... iSthe independent vabe in the templat

@, D, represents the physiological phase delaydmetwe
rod arnd coneresponses, drit isa free pameterthat

allows he templated shit horizonglly. Boh the stape

and he verical postion ofthe templatere fixel.

(2) Probability-summation template

If rod ard cane signals énel in two péhways andre
detectd independently, heir threshddswill follow
probabiity summation. The probabilityof detedng a
mixture of od ard cone nodulationsP, ... IS given by

P1ud+can€ =1- (I‘Pwd) * (l'Pcone) (5)

whereP,,, andP,,,. are the pobability of detecting rod
moduldion andcone moduldon. P,,, andP,,,. repreent
two pointson the psychomiric functions of rod ad cone
modulation, respectively. ifod ard conethrestolds slow
probabiity summaton, the rato of mixed ra and came
modulation threshdd to rod threstold aloneC, ;... / C.oa
must be smaller than The exact valuef the threshold
ratio dependsipon the slpes of the psychonmiet
functions. If rodand coneignals ftiow probabiity
summaiton, the rad ard cane phases shitd have no &ect
on the tlrestold.

We can fit tle daawith astraightline

Cmd+cane / de =a (6)

whereqa is a fee vertial saling facto.

A: Phase Paradigm
15

Linear $ummation
(Within Pathway)

A %obability Summatio&

(Independence)
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B: Threshold-Summation Paradigm
15

7/ V4

Cone Modulation (Threshold Unit)

. 1 1.5
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Figure 1. Schematic diagram describing the phase
paradigm (A), and the threshold-summation paradigm
(B). In the phase paradigm, the rod and cone
modulations were maintained at a constant ratio of 1:1
in threshold units, and contrast thresholds for mixed
rod and cone modulations were measured as a
function of the phase offsets between rod and cone
modulations. In the threshold-summation paradigm,
the phase offset of the rod and cone modulation was
kept constant, and contrast thresholds for mixed rod
and cone modulations were measured as a function of
the ratio of the rod and cone modulation amplitudes.

Results

In a set of initial masurerents, we asses the
contrast thresolds fa therods andthe L and M cons in
isolation, as vl as ontrastthrestolds fo luminanceand
chronmetic modulationsThese measuremts were
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performel & 2 and D Hz at an avegeretinal illuminance
of 1 and 10 td witla timeaverage alomatiaty metameric
to equal energy white. Theedianf these threshold
settings are shown Trable 1 Threstoldsfor S.G were
uniformly hicher than forH.S. S.G. could not make
isolated L andM cone settigs at 0 Hz and 1td. Neither
observecauld mé&e a chomatc seting within the
awailable contast gmut at 10 Hz and 1td.

First, we comaredthe luminance ad chronetic
conditions. At 2 Hz,chranaic ontrastthreshdds wee
lowerthan luminance contstthresholds for bah
observes. The resulreveses at 10 Hz where luminan
contrast thresolds weredwer than bromatic ontrag
threstolds. These datweke consistent ith others in he
literature Kelly & van Norren, 1977 Lindsey etla 1986
Smith et al 1995 Swanson, Ueno, Smith, & Pokorny
19870. The isolatedane threshads were slightlyigher
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but doserto the chronatic contrast thresholds & 2 Hz.
They were sligly highe but closeto theluminance
contrast thredolds & 10 Hz. The data have been
interpraed 1 indicate thatthe isolated @ne sensitivies
are pocessetly different pstreceptra pathvays at
differenttenpord frequencies. Qr data and intepretation
are constentwith prevous studiesKelly & van Norren,
1977 Smith et &, 1995. Within the present context, our
daa indicated that & 2 Hz, cone theslolds were praessed
in chromatic pathways, ad at 10 Hz, core threshads were
processed iachronatic pahways. We tlis expect thahe
combina modulation of canes and edswill revel
interactons ketween the pathwaydhmaeliates cone
detection at the specifiaworal fregiency and thenore
sensitive patvay that cares the rod sigals at that
frequency.

Table 1. Modulation thresholds for L cone, M cone, luminance, chromatic, and rod modulations at different retinal

illuminance levels and frequencies.

Threshold Contrast (%)
Retinal

Subject | Frequency (Hz) | llluminance (td) L cone M cone | Luminance | Chromatic Rod
H.S. 2 1 3.19 3.37 9.77 2.59* 7.61
2 10 1.69 2.05 2.75 1.09* 7.65

10 1 15.23 16.05 12.12* 6.05

10 10 2.20 5.69 2.09* 10.17 3.83

S.G. 2 1 7.18 7.68 11.37 5.69* 10.20
2 10 2.16 2.85 3.67 2.47* 6.64

10 1 17.12* 10.85

10 10 5.92 4.92 3.80* 7.80 5.57

* Indicates the more sensitive pathway.

In the main gperiment,rod ard cone theshdds wee suround, & 1 td (0.483 saotopic) ad 10 td are shown in
checkedat the beginning of each experimental session to Figures And3, respectivg.
make sure tt they were close to thentrag threshold To evaluate the data, wesfideterrined if the data
vdues of Eble 1 The ral and cone conests were then coud bedescibed by prolabiity sumnation (Equation 6).
modulatel in tandem ¢ obtain threstolds as a funeon of We used an fest totest the null hypotfesis that

the phase between the Ausioids. There were no probabiity summation caild desdbe eah daa setWe
consistentifferences between the results obtained with a compared the variancentributed bydeviationf each

dark suround ard with an equiluminant suround. The
dark suround data are shewn in the figures. Results for
combinal rod and L- (o M)-cone mdulation, with a dark

phase meandm the gand mean with lhe varance
contributed ly deviation®f each repeiion ata given
phase fronits phase meamhe majoity of daa setsat 2
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Hz wee cansisent with probaility summaion. Moderately
high F rdios n the 2Hz dda ocairred for the M @ne
isolaton cordition, butthe variatioramong the phase
means ocaued atrandom phase angleBrolabiity
summation \&s rejectedor the 10-Hz condition at-RK .01,
except for thd.0-td, L-coneondition forS.G. where #x
.05. We, theefore, sbw the prolabiity summaion fits for
the 2-Hz datand linear summain fitsfor the 10-Hzata.

11td, L cone 1td, M Cone

15

QO 2Hz

SG SG

Threshld Ratio (Cone+Rod/Rod)

0 90 180 270 0 90 180 270 360

Phase Advance (°, Rod Leads Cone)

Figure 2. Thresholds for combined rod with L- (or M)-
cone modulation at 1 td with a dark surround. The 2
upper panels show data for observer H.S. The 2 lower
panels show data for observer S.G. For both
observers, the left panels show rod and L-cone data,
and the right panels show rod and M-cone data. Data
are shown for 2 frequencies: 2 Hz (open symbol) and
10 Hz (solid symbol).

In summay, the patten of thresiolds fa- mixed cone
and iod modulaion depened on he modilation
frequency. AR Hz, the threhold contrasts showed little
variatbn with relative plaseand were consistent withe
probabiity summatn model. At 10 Hz, the threshd
contrasts foobserveH.S.showed cleavariation with

phase withamaximum nea 210°,and wee consistent with
the linear sunmation madel A simiar trend was noed for
S.G. Dita for observeS.G.showeda smalleeffect of
phase w@ation at 10 td, and, of ourse,no daa wee
obtained for her at 1td.

Resultsdr combined od with luminanceor chromatic
modulaton at 10 td with alark suround ae shownn
Figure 4 Acain, we firstdetermined if the dat cauld be
descibed byprobabiity summaton (Equation 6). Here a
differentresut emerged. ®babhlity summation proved an
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adeqgute fit for chromatic and 1od modulation at koth 2
and 10 Hz forboth dbserves. The pobabiity summaton
fits are showin Figure 4(right panelks). Probability
summation \&s rejectedar luminance nodulation for H.S.
a both 2 ad 10 Hz P <.01) &d for S.G. 410 Hz P <
.05). The linar sumnation fits are sbwn for luminance
and rod modulation at lwth 2 Hz and D Hz. For the
luminance data at 2 Hz f&.G., prolaklity summatio
could not be rejecte®{< .10), but therends of the dat
were similar to those seen for H.S.

10td, L cone 10 td, M Cone

15

O 2Hz HS
@ 10Hz

Threshld Ratio (Cone+Rod/Rod)

0 90 180 270 0 920 180 270 360
Phase Advance (°, Rod Leads Cone)

Figure 3. Thresholds for combined rod with L- (or M)-
cone modulation at 10 td with a dark surround. The
format is the same as for Figure 2.

Interpretation

Basd on aur threstold dataand prevousliterature
studiesKelly & van Norren, 1977 Leeet d., 199Q Smith
et d., 1995) we inferredhat iolated Land Mcone
modulatbn wes processkby the PC pattvay at 2 Hz and
by the MC pathway at 10 Hz. The phdata for islated
cone andod modulation yelda a cler dichotomy,
depending oriemporal frquency. At 2 Hz, wherbd
isolated conethrestolds wee inferrel to be medited
within a chromatic PCathway, we obseed pobabiity
summation At 10 Hz, where the isoldteone thresholds
were inferrd to be medatad within an ahromatic MC
pathway, we observiatear summationThese finding
were futher sibsentiated by the d&ausing chroratic and
luminance nodulation toisolate the infered pathvay. In
this casgit was the mdulation type notthe temporal
frequency thiadeterninedthe rad-one interadion.



Sun, Pokorny, & Smith

10 td, Luminance 10 td, Chromatic

15

O 2Hz HS HS
@ 10Hz

Threshld Ratio (Cone+Rod/Rod)

0 90 180 270 0 90 180 270 360

Phase Advance (°, Rod Leads Cone)

Figure 4. Thresholds for combined rod with luminance,
or chromatic modulation at 10 td with a dark surround.
The format is the same as for Figure 2.

With chromatic modulaton in the inferred PC pathay,
we observegrobablity summation at lioth 2 and 10 Hz.
With luminance modulatn in the infered MC pathway,
we obsendklinear sumration at both 2 and 10 Hz. If we
assume that signals withirethkame pathway folldwear
summation and signalgaveing in different pattwvays
follow proballity summatin, we conlade that therod
threstolds wee medated by the inferrel MC-pahway ér
both the 2-Hzand 10-Hz aaditions. This conclugon is
consistent with the single-tiriectophysiologial stidies
reviewd in the "Introduction” that found more
conspicuous rod agtty in MC-pahway cells dhe retnal
illuminances we used (1-10 td).

The linear simmation model (Figure 1A) predicts
infinite thresholdwhen rodand cone esponsesra 180°

out of phaseThereare at least 3 possible reasons that we

did not find complete encellation (Figures 2-4). (1)
Psychophysicthreshads pobaly represnt summing of
signals wm many cellsCell data showintrinsic \eriation
in tempora properties (Lee et.a1990),and the summed
response, s, hasesidual actity at thephases of
maximel cancellation of individual unts. (2) Differing
temporalresponses of the rashd coneystems could lead
to incompete cancellatiorbetween the rodnd cone
responses. (3) If the rod saptmavels prdominately in the
MC pathway, and the coneproduce resmses in botlthe
MC and PC pthways, therthe cone signals ih¢ PC
pathway coud medate tireshods when rd ard cone
responses were out of phasthe MC pathway.
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We interpré experiment Jas showinghat rod
stimulation ves processkin the MC pathway. The data
were unamiguous br obseverH.S, bu the conalision
was lesobug for dbserve S.G. Therefae, we dediedto
extend the paradigming aquartitative evaluatiorof
summaiton. In experiment 2we used ahteshadd-
summation pradigm at 10 téand cdleded chta for
observeH.S.anda new oberverS.S. Inthe thresbld-
sunmaion paadigm,the phae offset was kept constant,
and tresloldsfor mixedrod ard cone nedulations were
measted asa function of the rad ard cane moduation
ratio (Figire 1B). Fa exanple, iod and @ne modilaions
could be 1:11:2,0r 2:1 inthreslold units. Stinuli were
presented at 1 of the 2 pleaghat gave the pealdan
trough threstolds in the caesponling simulus ondition
in expemment 1. Forl0 Hz, 30°rad 210 phae offsets
wele setctedfor obsever H.S.,and 60°and 240° phae
offsets were selected dbsrver S.SFor2 Hz, the
threstold function from the phase paradigm was fiatd
no clear peak or trough cdube found.The choice of
phase was natitical. Weusedthe sam@hase offsetss
those ofhe 10-Hz contion. The illuminance and
chromdticity of the surround were setthe timeaverage
illuminance and chromatity of the cergr.

Each experiental sessiomcluded 5 rod and cone
moduldion ratios (2:1,1:1, 1:2rod albne,and cone
alone), adl 2 phase offsetst eah rod and cone
modulatpn ratio. The rodeonemodulaton ratios aml the
phase offsetsere radomized from trial to trial.

Model Fits

The datwerefitted wih 2 modds: the ector-
summaiton modd andthe Quick poding model (@ick,
1974). The 2Znoddscouldcagture dda in different regions
of the tlreshold+smmation plot. The vetor-sumnation
modé coud fit data showirg linearaddition, probability
summaiton, or canckation, but could not fit dat showing
a pealdetetion mechanis. The Quick pooling malel
coud fit datashowing linar additon, probaldity
summaion, or pealdete¢ion mechanis, but ould not fit
data sbwingcancellationTherebre, for dat showng
cancellationonly the vedr-sumnation modd was ued.

Vector-sumration model:

A=+ 5%+ 2*x*y*cos(a)}? )
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Quick poding model:
A - (Xk + yk)l/k (8)

wherex andy represent theesponses torad modulation
anda cone rodulation, repectivelyandA representthe
response to #nmixed rd and cone mdulations.a and k
are the free parameteénsthe modés, and they indicate the
strength of gmmation betveen rodand cone modilations.

Results

The sumnation plots br mixed iod with L- (or M)
cone modilation at 2Hz are shown irFigures @nd6 and
a 10 Hz inFigures ‘&nd8. Talde 2gives the summan
angleq for the best vectemimmaton modd fits ard
exponentiak for the besQuick pooling modéfits for all
experimental conditions.

At 2 Hz, thresholds fo rod and L- (o M)-cone
modulaton showed he characteistic stape of prohhlity
summationat both phase offsets. The 2 nmisdgave
equivalent fitsThe values of the exponérin the Quick
formulavaiedfrom 1.54 t03.27 anong condtions and
observis without any systenmatrerds. Thecarespmding
values oingles in the vector sumaiion formula varid
from 79 to 105°.

At 10 Hz, threshols fa rod ard L- (orM)-cone
modulatbn showed tose b linear additon for the in-
phase condition, ahcanc#ation for theoutof-plese
condtion. Observer $.’sM cone thieshotl cauld nat be
measured at 10 Hz withihe contrastange of the
colorimeterThe fits for tke in-phase datvere equialent
for the 2 models. Thealues of the exponent in the
Quick formula are from 01%to 1.41 for observeH.S.and
0.94 forobserve.SThe caoresponding values ahglex
in the veabr-simmaton modd varial from @ to 72. The
Quick modelcould not fit the cacellation dataThe values
of a in the vetor-sumnation modelranged from 122to
149.

L Cone,2Hz

15

30° HS 210° HS

a=102°
k=2.43

240° SS
a=105°
k=3.27

L Cone Modulation (Threshold Unit)

0.5 1 0 0.5 1
Rod Modulation (Threshold Unit)

Figure 5. Summation plots for rod and L-cone
modulation at 10 td, 2 Hz, and 2 phase offsets. The 2
upper panels show data for observer H.S. at 30° and
210° phase offsets. The 2 lower panels show data for
observer S.S. at 60° and 240° phase offsets. The
symbols represent experimental data; solid lines
represent vector-summation fits, and dashed lines
represent Quick pooling fits. a and k indicate the
summation angle for the vector-summation model fits
and the exponential for the Quick pooling model fits.
The error bars represent +1 SD of the rod and cone
modulation component.

Interpretation
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The results aothe threshal-summation padigm wee
consistent vih the reslis d the phase padigm:rod and

L- (or M)eoneinterections \aried depeding upon the

inferred postreceptoral pathyga At 2 Hz, with the cone

threstold mediated byltte inferrel PC-mthway, he rads

and L (o M) cones showed probéty simmaion.

Variation in the phase offselid not affe¢ the sumnation
between rds and L (bM) cones. At @ Hz, wih the ®ne
threstold mediated byle inferrel MC pathway, therods
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Table 2. Parameters for vector-summation model fits and Quick pooling models fits

Rod +

Retinal

llluminance | Frequency

(td)

(Hz)

Phase (°)

Vector-summation a(°)

Quick pooling k

HS

SS

HS

SS

L Cone

10

30°/60°

102

84

2.43

1.69

210°%/240°

102
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and L (o M) cones showegither addition or @ncellation

M Cone, 2 Hz depending upn the phaseffset. Assming that signals
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Figure 6. Summation plots for rod and M-cone

L
0.5 1

Rod Modulation

0
(Thres

L
0.5 1

hold Unit

modulation at 10 td, 2 Hz, and 2 phase offsets. The
format is the same as for Figure 5.

within the same glaway follow linearsumméon, and
signals traveling in differepathways follow probability
summaiton, we concldedthatthe rod threshdds wee
medided by he inferrel MC pathway forthe stimulus
conditions of these expernts.

Psychophysical studies hdemonstated an atupt
trangtion in the properies of ral vison near 1 scaipic
troland. Thisphenomenon has been hypothesize
represent a @nge from a lew" © a st rod pathvay
(Conner, 1982 Conner & MaclLed, 1977; Sharpe &
Stockma, 1999 Shape, Stockma, & MacLeod 1989k
Stocknan, Skarpe, Rither, & Nordby, 1995; Stockman,
Shape, Zrenner & Nordby,1997). The physiologicand
anabmical basis of twood pathvays is tioughtto lie in
the twodifferent anatomical plaways to ganglion ds, the
slow signiaviarod kipalar cells ard A2 amacine cells
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L Cone, 10 Hz

15 2
30° HS 210° HS
a=0° a=127°

SS
a=0°
k=0.94

L Cone Modulation (Threshold Unit)

15 2

0.5 1 15 0 0‘.5 1
Rod Modulation (Threshold Unit)

Figure 7. Summation plots for rod and L-cone
modulation at 10 td, 10 Hz, and 2 phase offsets. The
format is the same as for Figure 5.

M Cone, 10 Hz

L L
0 0.5 1 0 0.5 1 15

Rod Modulation (Threshold Unit)

M Cone Modulation (Threshold Unit)

Figure 8. Summation plots for rod and M-cone
modulation at 10 td, 10 Hz, and 2 phase offsets. The
format is the same as for Figure 5.

through synaptic connections,datie fst signal via cone
bipolarcelsthrough rod-congap junctions (Dacheux &
Raviola, 1986 Waéssk et al, 1991). Ebctrophysiagicd
studies in primate retina have shcawod respnse in
recadings of the inner segments of éedl cones
(Schneeweis & Schnapf99). A rodresponse can albe
recaded in the H1 horizontal cdl of the primate Verweij,

Peteson, Dacey,& Buck, 1999. This reponse hadhe
expected pragties of the “fast” rod sigh

Our déda, collectechearthe transition & 0.5 and 4.8
scotopt td, may reflecthe properties otkitheror both rod
pathways. Tle 8 to 20-msec rd-conedeky implied by the
phase measements at @ Hz suggests predorairceof a
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fast rod sigal, because tteow rod-condelay ion the
order of 75 to 80 mseShape et &, 1989h van derBerg

& Spekmejse, 1977 Veringa& Roelofs,1966. The fast rd
signal, presumably mediated by gap junctions betade
and cones, shows a latetwpeak response time similar to
that of conegvemeij et al, 1999.

The rad-one gap junctiororigin of the ‘fast” rod
signal impiesrod input wauld be expected in albee
pathways. What is theorigin of the absece of a
panocelular rod signg both in the singt cell aml
psychophysical measurems@One possibility is that the
rod signés in the pavocdlular pathway e cancellg
because the rod signals would be fegidito both M and
L cones anavill oppose each otheThisidea is ot
consistent with measurements of PCresplonses with
drifting sinewave gratingshosen to w@late thereceptive
field cente mechanism Enroth-Cugell & Robsm, 1965).
Such reordings revedbw responsivityRurpura etal.,
1988 Purpura, Tranching Kaplan, & Shapley, 1990,
suggesting that low contrashgaay be responsible for the
insensitiity of the PC pattvay to rod smulation at
mesopic levg

At 1 and D td, rod- ard L-(or M)}conenteradions
vary depending on the postreceptoral pathwagesriymg
the deteabn. Rod threstolds ae inferrel to be mdiated
by the MC pathway. Wén L- (or Mponethrestold is
medided by he inferrel MC pathvay, rod ard L- (orM)-
cone thresholds shaaimost linear sumrmation. When L-
(or M)}cone lhireshdd is mediated by thanferred PC
pathway, rod and L- (o M)-cone thresblds show
probabiity sunmaton.

This wak was supportd by National Ingditutes of Halth
Grant EY00901. We thak Linda Glennie for
programmingsupport, ad Steven Shevell amthnnah
Smithson fo their mmmerts on an edy draft. Pubication
was supporteby Researdio PrevenBlindness.
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